Magnaporthe oryzae B.C. Couch & L.M. Kohn (anamorph,
Pyricularia oryzae) is a fungal pathogen with a high degree of host specificity (5) . It is the causal agent of blast disease on several graminaceous plants, including wheat (Triticum aestivum L.). Blast disease was reported for the first time on wheat in 1985 (14) in the Paraná State of Brazil, where it had caused severe damage to the local wheat cultivars. Although the disease occurs sporadically, it is now considered a major threat to wheat production in Brazil (19) . Since its first report in Paraná, the disease has been detected in the important wheat-producing regions of the country (7, 10, 11, 13, 17) . In 1996, it was reported for the first time in the Santa Cruz Department of Bolivia (2) . In 2002, it was reported in the Itapúa and Alto Paraná Departments of Paraguay (24) . Finally, in 2007, it was reported for the first time in the province of Formosa, northeastern Argentina (4) . It has been suggested that wheat blast populations possess a high degree of variation among isolates (22, 23) . Sexual and/or parasexual recombination may be responsible for the genetic variation observed in this pathogen (3, 20) .
The Triticum pathotype of M. oryzae can reduce both yield and quality (8, 19) . Grains from blast-infected heads from highly susceptible cultivars are usually small, wrinkled, deformed, and have low test weight (8) . The highest yield losses occur when head infections start during flowering or early grain formation (8) . Reported yield losses in Brazil on susceptible cultivars vary from 10.5 up to 100% (10, 12, 15 ). An analogous head disease with similar symptoms, Fusarium head blight, has had similar impacts on wheat production in the United States (16) . Wheat blast may have similar epidemiology to Fusarium head blight because it also affects the heads soon after emergence. Therefore, the search for genetic resistance to wheat blast in the United States is important.
In South America, there has been an intense search for sources of resistance to wheat blast since it was discovered in Brazil (1, 9, 13, 18, 21, 23 Since no resistant cultivars have been found within the local South American wheat population, where the disease has been particularly severe, cultivars grown in other areas and wild relative species should be tested to identify all possible sources of resistance. The availability of wheat cultivars with genetic resistance to M. oryzae would provide an advantage for U.S. wheat producers to strengthen preparedness in the event of a wheat blast outbreak. Phenotyping of U.S. cultivars for their reaction to wheat blast pathogens and identification of resistance resources is crucial due to the national and global importance of the U.S. wheat industry. In this study, we provide a phenotypic characterization of 85 U.S. hard winter wheat cultivars for reaction to head blast.
Materials and Methods
Phenotyping of cultivars was performed in a biosecurity level-3 laboratory at the Biosecurity Research Institute (BRI) on the campus of Kansas State University in Manhattan. This laboratory is in a facility designed to provide a safe and secure location to study exotic and high-consequence pathogens. Biocontainment enhancements include individual security PIN code access control, hallway security cameras, interlocked anteroom doors, centralized shower out block, HEPA filtration of exhaust air, gastight dampers to isolate the laboratory, liquid effluent decontamination, and stand-by power generation. Two plant growth chambers (Conviron, Winnipeg, Canada) were used to provide precise control of temperature, photoperiod, and light intensity. USDA Animal and Plant Health Inspection Service inspected and approved the laboratory, and a permit (No. P526P-09-01917) was granted to work with M. oryzae in this facility.
Wheat cultivars were grown and vernalized at the KSU Department of Plant Pathology facilities (outside of containment) and then transferred into containment prior to inoculation. Seeds were germinated in 2.5 × 13 cm plastic tubes (Stuewe & Sons, Tangent, OR) and grown for 2 weeks in a greenhouse (25:15°C, day:night and 14:10 h, light:dark). The seedlings were vernalized during 8 weeks in a cold room (4°C and 9:15 h, light:dark) and then transplanted and grown in the greenhouse to the heading stage in 15-cm-diameter pots. They started producing heads approximately 6 to 7 weeks after transplanting.
The monosporic Brazilian M. oryzae (Triticum pathotype) isolate T-25 was used for evaluating several hard winter wheat cultivars adapted to the Great Plains. This isolate was originally collected by Seiji Igarashi from the cultivar Tapejara at São Jorge do Ivaí, Paraná, in January 1988. Inoculum was produced from cultures grown on V8 agar (150 ml of V8 juice, 3 g of CaCO 3 , and 15 g of agar in 1 liter of deionized water) and incubated at 23 to 25°C under continuous fluorescent illumination (25 µmoles/m 2 /s). Fiveto seven-day-old colonies were flooded with sterile deionized water containing 0.42% gelatin and 0.01% Tween 20 and gently scraped with a disposable inoculation loop to dislodge conidia from conidiophores. The spore suspension was then filtered through two layers of cheesecloth and adjusted to 2 × 10 4 conidia/ml in a solution of deionized water, gelatin, and Tween 20.
Disease phenotyping consisted of eight completely randomized design experiments, with three replications (pots) per cultivar, 5 to 10 heads per replicate, and a maximum of 20 cultivars per experiment. The highly susceptible cultivar Everest served as a control in all experiments. Heads were tagged and sprayed (1.2 ml/head with 2 × 10 4 spores/ml) within 3 days of full head emergence (beginning of anthesis) and then individually covered with a black, 7.5 × 13 cm bag with a zipper closure (Uline, Coppell, TX). The bag had been moistened with water on the inside to maintain high humidity conditions. Bags were removed 48 h after inoculation, and plants remained inside the growth chamber until 14 days after inoculation when heads were rated for disease symptoms. For each wheat head, the number of diseased spikelets was determined and expressed as a percentage of the total number of spikelets on that head: disease = (number of diseased spikelets/total spikelets) × 100. In order to comply with biocontainment regulations, infected plants were properly bagged and autoclaved prior to disposal.
The reproducibility of disease phenotyping was evaluated in two independent experiments by comparing visual assessments of the percentage of wheat spikelets affected by blast. Twelve winter wheat cultivars (Jagalene, JackPot, Tomahawk, Postrock, Aspen, Santa Fe, Hitch, Fuller, TAM 107, Armour, Karl 92, and Everest) that showed a continuum of reaction to wheat blast isolate T-25 were used in each of these experiments.
Disease phenotype assessments at the seedling stage were compared with disease phenotype assessments at the head stage on the same cultivars to determine any correlation between seedling and adult plant resistance. The 12 cultivars mentioned above, showing a continuum of reaction to isolate T-25, were used. Seedling disease phenotyping consisted of a randomized complete block design with four replications (blocks), conducted two times. Seedlings were grown in soil in flats in the greenhouse to the three-leaf stage and then moved to the biocontainment laboratory for inoculations. Seedlings in each flat were sprayed with 25 ml of a spore suspension (2 × 10 4 spores/ml) and covered with a black 170-liter garbage bag to maintain high humidity. Bags were removed 48 h after inoculation. Seedlings remained inside the growth chamber in containment until 7 days after inoculation, when leaves were rated for disease symptoms. Disease ratings consisted of visual assessments of the percentage of the second leaf affected by wheat blast, and mean severity scores were based upon the reaction of 10 plants per replication.
Differences in pathogenicity among four Triticum isolates of M. oryzae (T-7, T-12, T-22, and T-25) were determined. Phenotypes obtained with the first three isolates were compared among them- 
isolates, were also considered. A standard set of differential cultivars has not been established for race identification of the Triticum pathotype of M. oryzae (23) . However, a set of red winter wheat cultivars (Jagalene, Overley, Santa Fe, JackPot, Fuller, and Everest) that showed a continuum of reaction to blast isolate T-25 was used. All of these M. oryzae isolates were originally collected in 1988 in the Paraná State of Brazil from different wheat varieties (IAPAR 17, Anahuac, Anahuac, and Tapejara, respectively) and at different locations (Cianorte, Floresta, Pallaro Farm, and São Jorge de Ivaí, respectively).
Data analysis. The Pearson's correlation coefficient was used to measure the strength of association (reproducibility) between two independent wheat blast phenotyping experiments. The highly susceptible cultivar Everest, which was included as a susceptible control in all experiments, was analyzed alone in order to determine the consistency of its reaction over experiments. Analyses of variance of the percentage of wheat spikelets affected by wheat blast were determined using PROC GLM in SAS 9.2 (SAS Institute, Cary, NC, USA). Values used on head resistance, obtained from a set of 12 cultivars showing a continuum of reaction to wheat blast, were pooled from different experiments. The relationship between seedling resistance and head resistance was determined by linear regression using PROC REG in SAS 9.2.
Results
There was a highly significant positive correlation (P < 0.0001) between the two independent experiments aimed to determine the reproducibility of disease phenotyping on adult plants. The Pearson's correlation coefficient indicated that the strength of association between these experiments was very high (r = 0.96). About 93% of the reaction in experiment 2 was explained by the reaction in experiment 1 (Fig. 1) .
To quantify the variability due to random effects across experiments, cultivar Everest was used as a susceptible control in all experiments. Analyzed alone, Everest was not significantly different (P > 0.05) for wheat blast infection in any of the phenotyping experiments; therefore, disease severity data were pooled accordingly across experiments. To date, a total of 85 cultivars have been tested for susceptibility to wheat blast at least one time, but many were tested more than once. Disease severity values fell into a continuum from highly susceptible to highly resistant cultivars to the single Brazilian isolate T-25 (Table 1 ). This continuum (Table  1) consisted of 80 cultivars with less than 75% disease severity and 5 cultivars with ratings greater than 75% disease severity. Among entries tested at least twice, cultivars Everest and Karl 92 were classified as highly susceptible with more than 90% disease severity, and cultivars Postrock, JackPot, Overley, Jagalene, Jagger, and Santa Fe were classified as resistant and showed less than 3% infection.
There was a significant positive linear relationship (P < 0.05) between seedling and head resistance (Fig. 2) . The estimated linear regression slope was 1.6% disease severity. The value for the coefficient of determination (R 2 ) indicates that seedling infection explained 57% of the variation in head infection. At the seedling stage, cultivars JackPot, Jagalene, Postrock, Santa Fe, Aspen, and TAM107 were placed in the resistant category; Tomahawk, Armour, Hitch, and Fuller were moderately resistant; and Karl 92 and Everest were moderately susceptible. At the head stage, cultivars JackPot, Jagalene, Postrock, and Santa Fe were placed into the resistant category; Tomahawk and Fuller were moderately resistant; TAM107, Aspen, Hitch, and Armour were moderately susceptible; whereas cultivars Karl 92 and Everest were in the susceptible category with at least 95% disease severity. Six of the 12 cultivars were scored with the same disease phenotype on both seedling leaves and heads, while six showed variation.
When comparing the disease phenotypes for isolates T-7, T-12, T-22, and T-25 on six cultivars, analysis of variance showed that there were significant (P < 0.0001) differences among cultivars, and among pathogen isolates (P < 0.05). Cultivars Jagalene, Overley, Santa Fe, and Jackpot showed high levels of resistance to all isolates, while Fuller was moderately resistant and Everest was highly susceptible to all isolates. A significant isolate-by-cultivar interaction was observed (P < 0.0001).
Discussion
Variation in the reaction of cultivars to artificial inoculations can occur over time among experiments. This variation can be accounted for in terms of random effects that can also affect the reproducibility of experiments. Random-effects differences can occur as a result of the vigor of the pathogen inoculum, inoculation technique, environmental conditions, and consistency of disease assessments over time. Based on our results, no significant differences in the reaction of the highly susceptible cultivar Everest to isolate T-25 were observed across experiments. Therefore, the variability from these random effects was minimal and results presented here are assumed to be reasonably accurate. In addition, our correlation analyses showed that disease-rating correlations between repetitions were extremely high between independent experiments (Fig. 1) . As a result, high levels of reproducibility were present in these phenotyping experiments.
There was a positive correlation between the disease phenotypes obtained with seedling and head inoculations (Fig. 2) . The two most susceptible cultivars at the head stage, Karl 92 and Everest, showed the highest levels of severity at the seedling stage. Additionally, there was no evidence for the presence of susceptible cultivars at the seedling stage that showed resistance at the head stage. These results are concordant with observations of Arruda et al. (1) . All cultivars that were resistant at the head stage (JackPot, Jagalene, Postrock, and Santa Fe) were also resistant at the seedling stage. However, two resistant cultivars at the seedling stage, Aspen and TAM107, were moderately susceptible at the head stage. Leaf resistance in the seedling stage is not a good predictor of head resistance in mature plants. Thus, relying on disease phenotypes from seedlings could lead to incorrectly identifying wheat genotypes as resistant when they are susceptible. In addition, because wheat blast in the field is primarily a head disease, phenotyping at the head stage is more relevant than at the seedling stage to accurately identify resistance. These findings are important to consider while testing cultivars under artificial epidemic conditions and before releasing lines as resources of resistance. Zhuang et al. (25) provided evidence that, in rice, there is a genetic basis for the difference in response to leaf and neck blast resistance. In their study, they concluded that different blast resistance genes might be effective at different developmental stages. It remains to be determined whether the reaction of wheat at the leaf and head stages is under separate genetic control.
Although there was a significant (P < 0.0001) cultivar-by-isolate interaction, there was no evidence for the presence of physiological races among isolates T-7, T-12, T22, and T-25 (Fig. 3) . Disease phenotypes across cultivars were not isolate specific. The significant interaction was due to small quantitative differences among isolates on certain cultivars. For the purpose of this study, those small differences were deemed of little practical importance. For example, when inoculated with isolate T-12, there was no statistical difference in disease ratings for cultivars Fuller and JackPot; however, when inoculated with isolates T-7, T-22, and T-25, disease ratings for Fuller were statistically higher than those for JackPot. Small variations such as this among cultivars in their individual reaction to different isolates resulted in a significant isolate-bycultivar interaction. Minor variations among isolates in phenotypes for intermediate cultivars such as Fuller are often observed for other pathogens (W. W. Bockus, unpublished). However, the overall resistance of this cultivar relative to susceptible Everest was expressed after inoculations with all four isolates. In conclusion, in no case did a cultivar display high levels of resistance to one isolate and high levels of susceptibility to another isolate or vice versa.
Cultivars Postrock, JackPot, Overley, Jagalene, Jagger, and Santa Fe showed high levels of resistance to the four isolates used in these experiments. However, it is important to determine whether resistance in these cultivars is manifested when tested against more recent isolates as well as under natural epidemic conditions. This is especially important because high levels of virulence diversity have been reported in recent Brazilian wheat blast populations (20) . Studies (22, 23) suggest that many physiological races are present in South America 14 years after the emergence of this disease (14) . It is unknown if the recent wheat blast populations in South America differ in virulence or aggressiveness compared with the isolates associated with the original epidemics; the four isolates we had available for these experiments were collected in Brazil soon after the emergence of wheat blast in 1988. Consequently, the U.S. cultivars identified as resistant in this study need to be tested with recently collected isolates and validated under natural epidemic conditions. Nevertheless, this is the first report of the reaction of U.S. winter wheat cultivars to the Triticum pathotype of M. oryzae. The data reported here should be of value to the development of mitigation strategies in anticipation of the possible introduction of wheat blast into the United States. Fig. 3 . Reaction of six selected wheat cultivars to four isolates (T-7, T-12, T-22, T-25) of the Triticum pathotype of Magnaporthe oryzae. Values within an isolate, when followed by a common letter, are not significantly different according to ANOVA followed by Fisher's protected LSD (P = 0.05).
